The origin of the effect of inhomogeneous swelling observed near grain boundaries in irradiated materials is examined taking into account both nucleation and diffusional growth of cavities, and the interaction of cavities with mobile interstitial clusters produced in collision cascades. The model shows the formation of a characteristic profile of inhomogeneous swelling that exhibits features similar to those observed experimentally. The rate of swelling is found to be strongly dependent on the size of cavities, with cavities growing near the boundary being able to reach substantially larger sizes than those growing in the interior area of the grain. The distance z* between the peak of swelling and the grain boundary scales with the density of cavities N 0 as z*ϳN 0 Ϫ␤ , where ␤ is close to 1/3.
I. INTRODUCTION
The kinetics of phase transformations in materials driven far from equilibrium has recently attracted considerable attention stimulated by the need to develop better understanding of how materials behave in a hostile environment.
1 A typical example of an evolving nonequilibrium system is given by a material irradiated by a flux of energetic particles, 2 and this is rapidly becoming one of the issues central to the design of a fusion power station. 3, 4 The evolution of the microstructure of an irradiated material is characterized by the presence of dynamic quasiequilibrium between the generation of lattice defects by the incident energetic particles and the annihilation of these defects by dislocations, grain boundaries, and cavities in the material. A chemical reaction-type theory describing the temporal evolution of spatially averaged concentrations of vacancies and interstitial atoms in the presence of randomly distributed mesoscopic lattice defects was formulated 30 years ago by Brailsford and Bullough. 5 Recent theoretical advances have been associated with the development of a more accurate treatment of effects of cascade damage. Effects of cascade damage are described by either the molecular dynamics, 6, 7 the kinetic Monte Carlo 8 or the continuum 9 models. One of the important aspects that emerges from recent theoretical studies concerns the importance of taking into account spatial fluctuations of concentrations of defects in the material, see, e.g., Refs. 10-13.
Spatially inhomogeneous concentration profiles naturally appear in the treatment of kinetics of nucleation and growth where growing cavities act as sources or sinks for the diffusion fields describing moving vacancies and interstitial atoms. 14, 15 Extended lattice defects absorb mobile point defect, too, reducing concentration of vacancies c v (r,t) and interstitial atoms c i (r,t) in the vicinity of each sink and suppressing both the nucleation and diffusional growth of cavities in the vicinity of each sink.
Clustering of defects in collision cascades brings a new important element in the dynamics of microstructural evolution of irradiated materials. The mobility of certain types of clusters of interstitial atoms produced in collision cascades turns out to be higher than that of point defects. 16 As the number of interstitial atoms in a cluster increases, its Brownian motion becomes nearly one dimensional. One dimensionally moving clusters are able to propagate in the atmosphere of randomly distributed lattice defects through larger distances than single vacancies or interstitial atoms. At the same time lattice defects affect the motion of one dimensionally diffusing clusters in a more substantial way than they influence the motion of single vacancies and interstitials since one dimensionally moving clusters cannot avoid obstacles by changing their direction of propagation. It is in the dependence of the rate of growth of cavities on their size where the difference between contributions from diffusing point defects and from one dimensionally moving clusters manifests itself in the most notable way. For relatively small cavities growing by the attachment of vacancies, the rate ȧ (t) of variation of cavity radius a(t) is inversely proportional to a(t), ȧ (t)ϳ1/a(t), while the ͑negative͒ contribution to ȧ (t) resulting from the bombardment of cavities by interstitial clusters exhibits no singularity as a function of a(t). Given that extended lattice defects, for example, grain boundaries, affect the motion of point defects and defect clusters in a radically different way, we may expect that in the vicinity of those extended defects the growth of cavities is going to be characterized by features that are different from those characterizing the growth in the interior area of the grains. It has been observed experimentally [17] [18] [19] that in the vicinity of grain boundaries the distribution of growing cavities becomes highly inhomogeneous. The growth of cavities is suppressed in the immediate vicinity of a grain boundary and the rate of growth is maximum at a certain distance from the boundary, decreasing again in the interior region of the grain. A theoretical model explaining the observed effects was proposed in Refs. 20 and 21 where the formation of the zone of inhomogeneous swelling was interpreted as being associated with the dependence of the swelling rate on the distance from the boundary. However, the model considered in 20, 21 neither takes into account the dependence of the rate of swelling on the size of growing cavities ͑where the size represents probably the most important parameter of the model 22 ͒ nor it accounts for the nucleation of new cavities. The significance of the latter effect stems directly from experimental observations ͑see, e.g. Fig. 22 of Ref. 12͒ .
In this paper we introduce a model describing the evolution of a population of cavities nucleating and growing in the vicinity of a planar sink and interacting with the binary diffusion field of single vacancies and interstitial atoms and with mobile interstitial clusters. We show that the competition between the nucleation and growth of cavities and the dependence of the rate of growth on the size of cavities gives rise to the formation of a zone of highly inhomogeneous swelling where at maximum the magnitude of swelling is up to eight times higher than that in the grain interior. We find that cavities growing near the grain boundary are able to reach substantially larger sizes than those growing in the interior area of the grain. We also show that the position of the peak of swelling depends on the density of growing cavities and that the distance between the peak and the boundary scales approximately as the inverse cubic root of the volume density of cavities, in agreement with experimental observations.
The paper is organized as follows. First we introduce a self-consistent set of equations describing the evolution of a spatially inhomogeneous distribution of growing cavities. Then we illustrate properties of these equations by analyzing several limiting cases where analytical treatment is possible. In what follows we develop a numerical scheme and investigate the self-consistent problem of inhomogeneous swelling of the material in the vicinity of a grain boundary. We compare the calculated swelling curves with those observed experimentally, and analyze the dependence of solutions of the model on parameters typically addressed in an experimental investigation of the problem.
II. THE MODEL
To characterize the population of cavities nucleating and growing in a spatially inhomogeneous system it is convenient to introduce the cavity size distribution function, which is a function of the cavity radius a, its coordinate r and time t f ͑ a,r,t ͒ϭ ͵ 0 t ͑r, ͒␦͓aϪa͑ r,t, ͔͒d. ͑1͒
Here denotes the nucleation time, a(r,t,) is the radius of a cavity nucleated at point r at the moment tϭ, and (r,) is the number of cavities nucleating per unit volume per unit time. Function ͑1͒ satisfies the normalization condition of the form
where N(r,t) is the number density of growing cavities. Using Eq. ͑1͒ we find the total volume of cavities
which is a dimensionless parameter characterizing the local swelling of the material. The swelling rate is found by the differentiation of Eq. ͑2͒
where it is taken into account that a(r,t,t)ϭ0. Equation ͑3͒
shows that to characterize the magnitude of local swelling at point r at time t we need to know the time dependence of the nucleation rate (r,) for ͓0,t͔ and also the equation describing the rate ȧ (r,t,) of variation of the radius of a cavity nucleated at r at tϭ. There are two competing processes giving rise to the variation of the radius of cavities considered as a function of time t. The first process is associated with the attachment to the surface of the cavity of single vacancies and interstitials, and the second one is due to the bombardment of growing cavities by mobile interstitial clusters, see e.g., Ref. 22 ,
.
͑4͒
The first term in the right-hand side of Eq. ͑4͒ equals the difference between fluxes of single vacancies and interstitial atoms integrated over the surface of the cavity. For sufficiently large cavities ͑see Ref. 23 and Appendix A for more detail͒ this term can be expressed as
where D v and D i are the diffusion coefficients (D v ӶD i ) of vacancies and interstitials, respectively, and c v (r,t) and c i (r,t) are the local concentrations of vacancies and interstitial atoms. Function ⌰(tϪ) entering Eq. ͑5͒ is defined as ⌰(tϪ)ϭ1 for tу and ⌰(tϪ)ϭ0 for tϽ. The time-dependent concentrations of vacancies and interstitial atoms satisfy a system of two nonlinear equations describing the generation, diffusion, recombination and absorption of point defects in the presence of a sink
In these equations K is the effective rate of generation of point defects in the material by energetic particles and is the density of randomly distributed dislocation lines. Dislocations absorb vacancies and interstitial atoms at slighly different rates, and this effect is described by the bias factors
(r,t) describes the absorption of point defects by growing cavities ͑an explicit expression for this term is derived in Appendix A͒ and ␣ is the recombination constant. Here we are interested in following the evolution of the binary diffusion field ͕c i (r,t),c v (r,t)͖ in the vicinity of an extended lattice defect ͑a grain boundary͒, and functions v (r,t) and i (r,t) represent the rates of absorption of vacancies and interstitial atoms by this defect. Equations ͑6͒ show that the rates of generation of interstitial atoms and vacancies are unequal. This inequality is associated with the formation of clusters of interstitial atoms in collision cascades, and ⑀ is the cluster formation ratio, ⑀ ϳ1.
The second term in Eq. ͑4͒ is associated with the bombardment of growing cavities by mobile interstitial clusters. To assess the contribution of this process to the rate of variation of the radius of growing cavities we need to average the flux of interstitial atoms transported by clusters to cavities over the positions and orientations of dislocation lines and over the coordinates of centres of cavities. For the case of spatially homogeneous distribution of cavities, where a(z,t,) is independent of z, the second term in Eq. ͑4͒ is given by
where d is the effective radius of absorption of one dimensionally moving clusters by dislocations. A more general expression valid for the case of a spatially inhomogeneous distribution of cavities near a plain grain boundary is derived in Appendix B. It has the form
where v(z,t)ϭ/4dϩ͐ 0 t (z,Ј)a 2 (z,t,Ј)dЈ and summation is performed over possible directions of onedimensional motion of interstitial clusters in a given crystal structure (M ϭ4 for the bcc and M ϭ6 for the fcc structure. 24 ͒ ␥ i is the angle between the direction of motion of clusters and the z axis, which is assumed to be perpendicular to the plane of the grain boundary.
Expressions ͑1͒-͑8͒ form a closed self-consistent set of equations, the solution of which describes the evolution of a spatially inhomogeneous distribution of cavities nucleating and growing in the vicinity of a grain boundary in an irradiated material. Equations ͑1͒-͑8͒ describe the case where collision cascades lead to the formation of mobile clusters of interstitial atoms. Analysis given below shows that clusterisation of interstitial atoms has a very significant effect on the evolution of the population of cavities. In particular, competition between growth by attachment of point defects to the surface of cavities and the bombardment of cavities by mobile interstitial clusters complemented by radically different transport properties of point defects and mobile clusters gives rise to a highly inhomogeneous pattern of swelling, where peak values are up to eight times higher than values characterizing swelling in the interior region of the grain.
III. ANALYSIS OF THE MODEL

A. Spatially homogeneous case
We start by considering a solution of Eqs. ͑1͒-͑8͒ corresponding to the case of spatially homogeneous distribution of cavities. The characteristic scale of spatial fluctuations of concentrations c i (r,t) and c v (r,t) equals zϳ Ϫ1/2 and therefore the temporal variation of concentrations is characterized by the time scale tϳ(D) Ϫ1 ϳ10 s for Dϳ10 Ϫ9 cm 2 /s and ϳ10 8 cm Ϫ2 . Since the time scale characterizing the growth of cavities is many times this value, the time derivatives of concentrations entering the left-hand side of Eq. ͑6͒ may be neglected. Assuming also that the defect production rate satisfies the condition KӶD i D v /␣, we neglect the recombination term and obtain
͑9͒
Combining Eqs. ͑9͒ and ͑5͒, we obtain the contribution to the rate of variation of the cavity radius associated with the flux of point defects arriving on its surface
͑10͒
In the case of instanteneous nucleation of cavities (t) ϭN 0 ␦(t) Eqs. ͑10͒ and ͑7͒ transform into equation
Depending on the choice of bias parameters Z i ,Z v and the cluster formation ratio ⑀, solutions of Eq. ͑11͒ show two radically different types of asymptotic behavior. One of them corresponds to the case where the growth of cavities eventially saturates, while the other describes growth which continues indefinitely as a function of irradiation time t. To investigate conditions corresponding to the crossover between these two scenarios we introduce dimensionless variables ϭKt, ϭd 2 , and 0 ϭN 0 d 3 . These variables have a simple meaning, namely, is the total irradiation dose ͑ex-pressed in units of displacement per atom͒, is the measure of transparency of the dislocation network for onedimensionally moving clusters, and 0 is the dimensionless volume density of growing cavities. Introducing also the dimensionless radius of cavities r()ϭa(t,0)/d, we obtain
͑12͒
Analysis of solutions of this equation given in Appendix C shows that in the case where Z i ϪZ v Ͼ⑀Z i and where the volume density of cavities is sufficiently large, the size of cavities given by Eq. ͑12͒ increases indefinitely in the limit of high irradiation dose as
. ͑13͒
However, if Z i ϪZ v Ӷ⑀Z i then the growth of cavities saturates in the limit →ϱ at rϷ1. Swelling of the material also saturates in this limit approaching the maximum value given by S͑ ͒ϭ 4 3 4 0 r 3 ͑ ͉͒ max Ϸ1.3ϫ10 4 0 ͓%͔. ͑14͒
In most cases the cluster formation ratio ⑀ is large ͑typically ⑀ϳ1) in comparison with the difference between dislocation bias factors Z i and Z v ͓values of (Z i ϪZ v )/Z i lie in the interval between 1% and 3% ͑Ref. 25͔͒. This shows that keeping the dislocation bias terms in the model described above is unnecessary, and in what follows we only consider the case where Z i ϭZ v ϭ1.
B. Spatially inhomogeneous case
We now investigate solutions of Eqs. ͑1͒-͑8͒ describing the nucleation and growth of cavities in the vicinity of a grain boundary. The boundary is assumed to have the form of a plane situated at zϭ0. This plane is able to absorb point defects and interstitial clusters that approach it. Since vacancies and interstitial atoms interact with grain boundaries via long-range elastic fields, 26 the rate of absorption of interstitial atoms by the boundary is expected to be higher than the rate of absorption of vacancies. However, in relative terms the interaction between point defects and grain boundaries is not as strong as it is between point defects and dislocations. Therefore, in order to ensure the consistency of our model, where the absorption of point defects by dislocations is assumed to be unbiased Z i ϭZ v , we must assume that there is no difference in the effective rates of absorption of vacancies and interstitials by the grain boundary. In this case Eqs. ͑6͒ acquire the form
where Q characterizes the rate of absorption of point defects by the grain boundary. Since concentrations of vacancies and interstitial atoms enter Eq. ͑5͒ in the form of a linear combination ⌸(z,t)ϭD v c v (z,t)ϪD i c i (z,t), we subtract the second of Eqs. ͑15͒ from the first one and obtain a closed equation on ⌸(z,t)
In the limit Q→ϱ the ␦ function term in the right-hand side of this equation is equivalent to the boundary condition ⌸(0,t)ϭ0. We begin by considering the limit of low density of growing cavities (z,t)Ӷ. In this case Eq. ͑16͒ has stationary solution
Substituting this into Eq. ͑5͒, we arrive at
͑18͒
In the limit of low density of cavities integration in Eq. ͑8͒ can be done analytically
͑19͒
Combining Eqs. ͑18͒ and ͑19͒ we obtain that the radius of a cavity nucleated at distance z from the grain boundary at time satisfies the differential equation of the form
͑20͒
Initial condition for this equation is a(z,,) ϭ0. a(z,t,) ϭd in the denominator of the first term in curly brackets in the right-hand side of Eq. ͑20͒, we obtain an equation which is similar to Eq. ͑15͒ of Ref. 20 . The treatment developed in Ref. 20 is based on the assumption that the rate of growth of cavities near a grain boundary is independent of their size. This assumption is not consistent with the the initial condition a(z,,)ϭ0. Moreover, in the vicinity of a grain boundary the saturation radius a(z,ϱ,) turns out to be a function of the distance z between the center of the cavity and the grain boundary. Therefore, to obtain a correct solution of Eq. ͑20͒ we have to retain the dependence of the right-hand side of this equation on the radius a(z,t,) of growing cavities.
If we assume that
Solution of Eq. ͑20͒ satisfying the appropriate initial condition can be represented in a parametric form as
where A(z) and B(z) are dimensionless functions of z given by
A͑z ͒ϭ1Ϫexp͑ Ϫͱz ͒,
Formula ͑21͒ shows that at small tϪӶd 2 /K⑀ the radius of the growing cavity increases as the square root of the time elapsed from the moment of nucleation
Therefore, the rate of growth of cavities at small times is independent of the second term in the right-hand side of Eq. ͑20͒, or, in other words, the growth of small cavities is not affected by the bombardment of cavities by one dimensionally moving interstitial clusters. Mathematically, this is a simple corollary of the fact that the first term in the righthand side of Eq. ͑20͒ is singular in the limit a(z,t,)→0. For large tϪӷd 2 /K⑀ the growth of cavities saturates and their radius a(z,t,) approaches the maximum value given by
This equation shows that for zϭz*ϳ Ϫ1/2 and d 2 Ӷ1 cavities are able to reach size a max (z*)ϭ2d, which is twice the maximum size a max ϭd that cavities reach in the interior region of the grain. This implies that the peak value of swelling of the material in the vicinity of a grain boundary can be up to eight times higher than the maximum value characterising swelling in the grain interior. Figure 1 shows the dependence of the saturation radius a max (z) on the distance z from the grain boundary. Cavities growing near a grain boundary can reach substantially larger sizes than cavities growing in the grain interior ͑for dϭ10 nm the saturation radius of cavities growing in the interior region of the grain is approximately equal to 31.4 nm͒. The position of the peak of swelling z* corresponding to the maximum of function a max (z) decreases monotonically as a function of the density of dislocation lines .
Equations ͑18͒-͑20͒ describe the case where the volume density of growing cavities was assumed to be low. In this case dislocations are primarily responsible for the absorption of mobile point defects and interstitial clusters, and the effect of nonlinear terms describing the influence of the ''atmosphere'' of growing cavities on the rate of cavity growth is negligible. In the next section we investigate the part played by these nonlinear terms and the limit of high density of growing cavities.
C. Nucleation of cavities and the high density limit
In this section we study solutions of a general nonlinear self-consistent system of equations describing the nucleation and growth of cavities near a grain boundary. If the volume density of cavities exceeds the limit defined by the condition 4͐ 0 t (z,)a(z,t,)dϭ, the approach described in the preceeding section is no longer valid and the presence of cavities affects concentrations of freely moving vacancies and interstitial atoms. Furthermore, if the volume density of cavities is large enough so that ͐ 0 t (z,Ј)a 2 (z,t,Ј)d у(/4)d, the one-dimensional motion of interstitial clusters is also affected by their interaction with cavities. In this case integral ͑8͒ can no longer be approximated by expression ͑19͒ corresponding to the low cavity density limit.
To investigate the high-density case we introduce an additional simplifying approximation in our model ͑1͒-͑8͒. In -FIG. 1 . Dependence of the saturation radius a max (z) of cavities nucleated at distance z from a grain boundary in an irradiated material. Calculations were performed for several values of the dislocation density spanning from ϭ10 8 cm Ϫ2 ͑a well annealed material͒ to a high dislocation density material characterized by ϭ10 11 cm Ϫ2 . The effective radius of absorption of interstitial clusters by dislocations d is assumed to be equal to 10 nm, and the saturation radius of cavities growing in the interior region of the grain d equals 31.4 nm. stead of performing summation over directions of motion of interstitial clusters in the crystal lattice, we introduce an average quantity ͗cos ␥͘ characterizing the ''average'' angle between the direction of motion of clusters and the z axis.
Using dimensionless variables, we obtain equations describing how the radius of a cavity growing in a dense spatially inhomogeneous environment varies with the irradiation dose , 
͑24͒
Here ϭKt is the irradiation dose and ЈϭK is the dose corresponding to the moment of nucleation. ϭ(/4)zd is the dimensionless distance between the cavity and the grain boundary. (,Ј)ϭ(K/d 3 )(z,) is the dimensionless cavity nucleation rate, and ϭd 2 is the parameter characterizing the transparency of the dislocation atmosphere for onedimensionally moving clusters. r(,,Ј) is the cavity radius expressed in units d, and function ⌸(,) satisfies equation 
ϭ0. ͑25͒
The boundary condition for Eq. ͑25͒ has the form ⌸(0,) ϭ0. The magnitude of local swelling associated with cavities nucleating and growing at distance from the grain boundary is related to the solution of Eq. ͑24͒ via
has a simple meaning. It shows that the rate of growth of a cavity situated at point is proportional to the difference between two terms, where the first one is singular in r(,,Ј) and describes diffusional growth by the attachment of single vacancies and interstitial atoms. The second term ͑which itself is a sum of two integrals͒ describes collisions between the cavity and gliding interstitial clusters.
The evaluation of the first term in Eq. ͑24͒ requires solving inhomogeneous diffusion equation ͑25͒ for a dimensionless function ⌸(,), which describes the dependence of the concentration of point defects on the distance from the grain boundary. A rigorous approach to solving Eq. ͑25͒ is described in Appendix D. A detailed analysis of numerical solutions of Eq. ͑25͒ shows that these solutions may be approximated by expression
Numerical evaluation of integrals in Eq. ͑24͒ can be performed using finite difference algorithms. 27 The fact that the asymptotic behavior of the radius of growing cavities in the grain interior is known from the solution of Eq. ͑10͒ makes it possible to evaluate the tails of integral terms analytically therefore avoiding lengthy numerical integration over a large range of variation of variables Љ and Ј. According to the classical theory of nucleation, [28] [29] [30] the rate of nucleation of cavities (,) is a functional of the local concentration of vacancies. In what follows we assume that the rate of nucleation has the form (,)ϭ ⌸ h (,), where is a constant and h is an integer. This simple approximation makes it possible to investigate a number of cases ranging from the limit of continuous nucleation corresponding to hϭ0, to the limit of almost instanteneous nucleation of cavities at the onset of growth, hӷ1.
We begin by investigating the instanteneous nucleation case where all the cavities are assumed to nucleate at tϭ0.
This case corresponds to (,)ϭ 0 ␦(). The volume density of cavities in this case remains constant and independent of either the dose or the distance . The formation of spatially inhomogeneous profile of swelling in this case is associated entirely with the fact that the rate of growth of cavities depends on the distance from the boundary. Figure 2 illustrates the formation and the development of profiles of inhomogeneous swelling SϭS(,) in the vicinity of a grain boundary. At any given dose the profile has a characteristic shape with a maximum situated at a certain charateristic distance * from the boundary. This distance *, considered as a function of the dose , decreases monotonically with increasing . This agrees well with experimental observations. In all the cases investigated in this work swelling profiles exhibited saturation in the limit of large irradiation doses . For ӷ1 any further increase of the dose results in no change either in the magnitude of swelling or in the shape of the swelling profile. This result is entirely consistent with Eq.s ͑24͒-͑27͒. Integrals over entering Eqs. ͑24͒ and ͑26͒ for the instanteneous nucleation case are proportional to the radius of cavities. Since the radius of cavities saturates in the limit t→ϱ, so does the swelling profile. The dose required to reach saturation tends to be smaller in the case of low density of dislocations ͑very small values of ) in comparison with the case of high dislocation density ͑intermediate values of ).
An interesting question that we can now address on the basis of the model described above concerns the dependence of the position * of the peak of swelling on the volume density of growing cavities. In the case where the nucleation of voids is assumed to be instanteneous, the volume density of cavities N 0 is related to 0 via 0 ϭN 0 d 3 . Equations ͑24͒-͑27͒ show that the behavior that the model exhibits as a function of 0 becomes highly nonlinear for 0 Ͼ/2. To investigate the functional dependence *( 0 ) in this case we have to refer to numerical solutions of the model similar to those shown in Fig. 2 . Figure 3 illustrates the dependence of the position of the maximum of the swelling curve on the volume density of growing cavities. In the limit of small densities 0 Ӷ/2 the coordinate of the maximum * is nearly independent on the density of cavities. However, in the case where 0 у/2 the dependence of * on 0 proves to be very strong. Approximating the function *( 0 ) by a power law we obtain that the best fit is given by *ϳ 0 Ϫ1/3 . In dimensional units this is equivalent to z*ϳN 0 Ϫ1/3 , or, in other words, the distance between the peak of swelling and the grain-boundary scales approximately as the average distance between the cavities. This type of scaling is very similar to the one observed experimentally. 19 So far in this section we have been studying the case of instanteneous nucleation of cavities. Now we consider the case where cavities continue to nucleate even after the onset of growth. In the case where the nucleation of cavities proceeds in parallel with their growth, Eqs. ͑24͒-͑27͒ become nonlocal only in space, but also in time. Formally, this nonlocality manifests itself in the form of the appearance in Eq. ͑24͒ of two types of integral terms. Integrals over describe the nonlocality associated with the long-range transport of interstitial atoms by mobile clusters. The second type of nonlocality is the temporal nonlocality, which is associated with the fact that the growth of cavities nucleated at a certain moment of time ͑corresponding to a certain value of the irradiation dose ЈϭK) is affected by the presence of cavities nucleated at earlier times tр. This means that at an any given time the population of cavities at a given distance from the grain boundary is characterized by a distribution of sizes rather than by a certain value of their radius. Figure 4 illustrates the effect of the mode of nucleation of cavities on the shape of the swelling curve. Continuous nucleation of cavities ͑curves shown in the left column͒ tends to lead to higher swelling than that obtained in the case where the initial sharp drop in the concentration of vacancies ͑24͒-͑27͒ for ⑀ϭ0.6, ͗cos ␥͘ϭ0.8, and ϭ0.001. The solid line is a power-law fit to the set of points calculated numerically.
PRB 62suppresses further nucleation of cavities ͑curves shown in the right column͒. The shape of the curve depends on a number of parameters including the density of dislocation and the dose, and also on the volume density of cavities accumulated over the time elapsed since the onset of growth.
In Fig. 5 we compare swelling profiles calculated using Eqs. ͑24͒-͑27͒ in the continuous nucleation approximation and profiles observed experimentally. Experimental data reported in Ref. 12 indicate that swelling was accompanied by the continuous nucleation of new cavities, and the latter effect was taken into account in the calculations. Both the scale of the curves and the position of maxima of experimentally measured and calculated profiles agree reasonably well. At the same time Fig. 5 shows the presence of a notable deviation of calculated profiles from experimental data in the region of large z, where the tails of calculated profiles decrease more slowly than the tails of profiles measured experimentally. This effect reflects the presence of a somewhat higher degree of absorption of mobile interstitial clusters in the interior region of the grain than that predicted by Eqs. ͑24͒-͑27͒. It is possible to speculate that the additional contribution to the absorption coefficient may come from scattering by immobile interstitial clusters, but the exact microscopic origin of the phenomenon remains unclear.
The fact that cavities continue to nucleate after the onset of growth leads to the situation where at any given irradiation dose the population of cavities is characterized by a relatively wide distribution of sizes. At any given moment of time this distribution can be found using formula ͑1͒. The presence of the ␦-function term in Eq. ͑1͒ makes this formula somewhat inconvenient for numerical calculations. However, the difficulties can be readily circumvented by replacing the integral by a sum over a finite number of points, and by approximating the ␦ function by the Kronecker ␦ symbol. Figure 6 shows cavity size distributions corresponding to three different distances between the point z, where the size distribution is evaluated, and the grain boundary. All three distributions correspond to the swelling profile shown in Fig.  5 by the dash-dotted line. The shape of all the distributions turns out to be remarkably similar and nonanalytic f (a,z) ϳ͓a max (z)Ϫa͔ Ϫ1 . The presence of a sharp peak on the right edge of all distributions is associated with the fact that the radius of cavities saturates in the limit of large doses. This point shows that an experimental investigation of the distribution of cavities as a function of their size may offer an interesting insight into the microscopic mechanisms of their formation and growth.
IV. SUMMARY
In this paper we investigated the formation and development of profiles of spatially inhomogeneous growth of cavities near a planar lattice defect ͑a grain boundary͒. The model describes both the nucleation and growth of cavities, and takes into account competing processes of diffusional growth of cavities by the attachment of point defects and the destruction of cavities in collisions with interstitial clusters. The model shows the formation of a characteristic profile of inhomogeneous swelling, where the maximum of the profile drifts towards the grain boundary as a function of time. Cavities growing in the vicinity of a grain boundary are shown to be able to reach substantially larger sizes than cavities growing in the interior region of the grain. The magnitude of swelling at maximum is found to be up to eight times higher than the value characterizing swelling in the grain interior. Profiles calculated numerically by solving the nonlinear selfconsistent equations describing the evolution of the spatially inhomogeneous population of cavities are shown to compare well with profiles measured experimentally. The position z* Ϫ4 , ϭ0.001, hϭ0, and ⑀ϭ0.6. The incubation dose corresponding to the onset of growth was assumed to be equal to 0.08 dpa. The asymmetry of the calculated profiles is associated with the difference between the spatial scales characterizing the diffusion of point defects and the one-dimensional Brownian motion of interstitial clusters, and also with the effect of saturation of swelling in the grain interior.
of the maximum of swelling profiles is found to scale with the density of cavities N 0 as z*ϳN 0 Ϫ1/3 in agreement with experimental observations.
ACKNOWLEDGMENTS
The author wishes to acknowledge stimulating discussions with M. L. Jenkins, J. R. Matthews Consider a spherical cavity of radius a growing by the attachment of diffusing particles to its surface. The concentration of diffusing particles around the cavity is given by
where v is the effective velocity, which is a parameter entering the boundary condition for the rate of attachment of particles to the surface of the cavity
Generalizing Eq. ͑A3͒ to the case of a weakly inhomogeneous distribution of diffusing particles, we arrive at
where rЈ is the coordinate of the center of the cavity and c 0 (r) is the diffusion field corresponding to the case where the perturbation associated with the cavity may be neglected.
In what follows we assume that the average concentration of diffusing particles is many times their equilibrium concentration c (eq) (a). In this case the evaporation term in the righthand side of Eq. ͑A5͒ may be neglected and this equation becomes identical to the equation defining the T matrix in the theory of scattering 31, 32 ͑r͒ϭ 0 ͑ r͒ϩ ͵ dRdrЈG͑rϪR͒T͑R,rЈ͒ 0 ͑ rЈ͒.
͑A6͒
To average Eq. ͑A5͒ over the positions of centres of cavities we now follow the procedure developed for Eq. ͑A6͒ by Lax 33, 34 and obtain
where f (rЈ) is the volume density of cavities at point rЈ. Representing this function in the form of the integral over the cavity size distribution function f (a,rЈ) as f (rЈ) ϭ͐ 0 ϱ da f (a,rЈ), we arrive at
Finally, acting on both sides of this equation by operator D(‫ץ‬ 2 /‫ץ‬r 2 ) and comparing the result with Eq. ͑6͒, we find Combining Eqs. ͑1͒ and ͑A9͒, we obtain ͑r,t ͒ϭ4 ͵ 0 t ͑r, ͒a͑ r,t, ͒ ͓a͑ r,t, ͒v/D͔ 1ϩ͓a͑r,t, ͒v/D͔ d.
͑A10͒
As the radius of the growing cavity increases ͑in practice this means that the cavity contains more than just a few atoms͒ we approach the limit a(r,t,)v/Dӷ1 where Eq. ͑A10͒ can be further simplified as ͑r,t ͒ϭ4 ͵ 0 t ͑r, ͒a͑ r,t, ͒d. ͑A11͒
This limit corresponds to the expression for the rate of growth given by Eq. ͑5͒.
APPENDIX B
In this Appendix we show how to derive Eq. ͑8͒ describing the ͑negative͒ contribution to the rate of growth of cavities due to the bombardment of cavities by one dimensionally moving interstitial clusters. We assume that all the interstitial clusters produced in collision cascades are glissile.
Consider a problem of one-dimensional motion of a particle along the z axis. We assume that the particle encounters obstacles that are distributed along the z axis with density n(z). In other words, n(z)dz is the total number of obstacles situated between z and zϩdz. Consider now an arbitrary point z 0 . The probability P R (X R ,z 0 ) of finding the nearest to z 0 obstacle at a certain distance X R from z 0 in the positive direction of the z axis ͑i.e., on the right of z 0 ), is given by the solution of equation P R ͑ X R ,z 0 ͒ϭ ͩ 1Ϫ ͵ 0 X R P R ͑ XЈ,z 0 ͒dXЈ ͪ n͑z 0 ϩX R ͒.
͑B1͒
We assume that the density of obstacles does not vanish in the limit X R →ϱ and therefore lim X R →ϱ ͐ 0 X R dXЈn(z 0 ϩXЈ) ϭϱ. In this case we can transform integral Eq. ͑B1͒ into a differential equation
and obtain P R ͑ X R ,z 0 ͒ϭn͑ z 0 ϩX R ͒exp ͩ Ϫ ͵ 0 X R dXЈn͑z 0 ϩXЈ͒ ͪ .
͑B3͒
To prove that this probability distribution is normalized we integrate P R (X R ,z 0 ) over a semi-infinite interval of variation of X R and obtain
͑B4͒
Similarly, the probability of finding an obstacle that the nearest to z 0 and that is situated on the left-hand side of z 0 at a distance X L , is given by 
͑B6͒
A graphical illustration of Eq. ͑B6͒ is given in Fig. 7 . The average concentration of particles at a certain point z equals 
